Homing endonuclease genes show super-Mendelian inheritance, which allows them to spread in populations even when they are of no benefit to the host organism. To test the idea that regular horizontal transmission is necessary for the long-term persistence of these genes, we surveyed 20 species of yeasts for the -homing endonuclease gene and associated group I intron. The status of could be categorized into three states (functional, nonfunctional, or absent), and status was not clustered on the host phylogeny. Moreover, the phylogeny of differed significantly from that of the host, strong evidence of horizontal transmission. Further analyses indicate that horizontal transmission is more common than transposition, and that it occurs preferentially between closely related species. Parsimony analysis and coalescent theory suggest that there have been 15 horizontal transmission events in the ancestry of our yeast species, through simulations indicate that this value is probably an underestimate. Overall, the data support a cyclical model of invasion, degeneration, and loss, followed by reinvasion, and each of these transitions is estimated to occur about once every 2 million years. The data are thus consistent with the idea that frequent horizontal transmission is necessary for the long-term persistence of homing endonuclease genes, and further, that this requirement limits these genes to organisms with easily accessible germ lines. The data also show that mitochondrial DNA sequences are transferred intact between yeast species; if other genes do not show such high levels of horizontal transmission, it would be due to lack of selection, rather than lack of opportunity. H oming endonuclease genes (HEGs) are optional or nonessential genes widely distributed in fungi, protists, bacteria, and viruses (1, 2). At least among eukaryotes, where they are often found in organelles associated with group I self-splicing introns, they have no known host function. Rather, they are thought to be selfish or parasitic genes that spread in populations because their catalytic activity results in self-propagation, as they code for a sequence-specific endonuclease (i.e., a protein that cleaves DNA at a particular recognition sequence, in this case usually 12-40 bp long). In heterozygous or heteroplasmic individuals, in which there are both HEG ϩ and HEG Ϫ chromosomes, the protein recognizes and cuts the HEG Ϫ chromosomes; the HEG ϩ chromosomes are protected because the presence of the gene interrupts the recognition sequence. A cut chromosome turns on the cell's recombinational repair system (3), which uses the homologous chromosome (in this case HEG ϩ ) as a template. After repair, the HEG is found on both chromosomes, and the cell is then homozygous HEG ϩ . Consequently, these genes show strong transmission ratio distortion; they are often inherited by more than 95% of progeny, rather than the Mendelian 50% (4, 5).
H
oming endonuclease genes (HEGs) are optional or nonessential genes widely distributed in fungi, protists, bacteria, and viruses (1, 2) . At least among eukaryotes, where they are often found in organelles associated with group I self-splicing introns, they have no known host function. Rather, they are thought to be selfish or parasitic genes that spread in populations because their catalytic activity results in self-propagation, as they code for a sequence-specific endonuclease (i.e., a protein that cleaves DNA at a particular recognition sequence, in this case usually 12-40 bp long). In heterozygous or heteroplasmic individuals, in which there are both HEG ϩ and HEG Ϫ chromosomes, the protein recognizes and cuts the HEG Ϫ chromosomes; the HEG ϩ chromosomes are protected because the presence of the gene interrupts the recognition sequence. A cut chromosome turns on the cell's recombinational repair system (3), which uses the homologous chromosome (in this case HEG ϩ ) as a template. After repair, the HEG is found on both chromosomes, and the cell is then homozygous HEG ϩ . Consequently, these genes show strong transmission ratio distortion; they are often inherited by more than 95% of progeny, rather than the Mendelian 50% (4, 5) .
This process of ''homing'' easily explains how such a gene can increase in frequency and become fixed within a population. For example, with a transmission rate of 95%, a gene would increase its frequency from 0.001 to 0.999 in about 15 outcrossed generations. However, what then? Once fixed in the population, there will be little selection against nonsense or frameshift mutations which destroy the enzyme's ability to cut DNA; only the production of deletion mutants, in which the element is completely lost (reconstituting an intact recognition sequence), will maintain selection for endonuclease function. Moreover, if there is a cost to the host cell for producing a functional endonuclease, then natural selection will also increase the frequency of nonfunctional elements. It is therefore not easy to see how functional HEGs can be maintained at detectable frequencies over long evolutionary time periods (assuming no host benefit). How, then, to explain the ever-increasing list (see refs. 2 and 6) of such genes?
One possible explanation is that high frequencies of functional elements are indeed transient states, but they recur because functional elements are occasionally copied to a new location with the appropriate recognition sequence, either in the same species (transposition), or in a different one (horizontal transmission). If this were to happen, the element would again go to high frequencies, before giving way to nonfunctional elements in the face of mutation pressure and͞or natural selection. If such movements are sufficiently frequent (i.e., if they occur, on average, at least once before degeneration), then the element can persist over long evolutionary time scales. Comparative sequence analysis has shown that such transfers do occur at least occasionally (e.g., see refs. 7-9), but the data thus far are too fragmentary to allow one to estimate the frequency of movement and determine whether it is common enough to allow persistence. To address this question directly, we have analyzed a particular element, (omega, also known as r1 and Sc LSU.1), in a series of closely related host species, the saccharomycete yeasts.
An optional genetic element, was first described in Saccharomyces cerevisiae (10) . It consists of an HEG inserted into a group I self-splicing intron and is found interrupting the large subunit (LSU) rRNA gene of the mitochondrion (Fig. 1A) . In crosses between ϩ and Ϫ genotypes, fully 99% of the segregant progeny are ϩ (4) (note that mitochondria in S. cerevisiae are biparentally inherited and recombine). A very similar element has been sequenced from the homologous position in the LSU rDNA of Kluyveromyces thermotolerans (11) . Curiously, Saccharomyces paradoxus and Kluyveromyces lactis have only a group I intron at this site, without an HEG (12, 13) . Although it has yet to be confirmed directly, these HEG Ϫ introns presumably would not show biased inheritance. Kluyveromyces marxianus also has an HEG Ϫ intron quite similar in sequence to in its mitochondrial ATPase subunit 9 gene (ref. 14; see GenBank accession no. U75348 for a similar element in the same gene of K. lactis). Yet other species are negative when probed with labeled sequences, indicating that either they do not contain the element or it is very different in sequence (11, 13, 15) . However, there has been no attempt to determine whether this variable distribution is due solely to multiple independent losses, or to losses and gains by horizontal transmission. In this study, we have surveyed 20 species of yeasts by PCR, using primers matching the flanking LSU rRNA gene. The size of the resulting amplicon indicates whether an intron is present, and if so, whether it contains an HEG. All intron-containing amplicons were then sequenced for This paper was submitted directly (Track II) to the PNAS office.
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Materials and Methods
Strains. Eighteen species of yeast from four genera in the Saccharomycetaceae were obtained from the Centraalbureau Voor Schimmelcultures (CBS; Delft, The Netherlands) (see Fig.  2 ). In addition, two as-yet-unnamed isolates from Japan and Brazil were included in the survey. These isolates have been placed tentatively in Saccharomyces sensu stricto, based on karyotype analysis and their ability to form hybrids (17, 18) . Molecular Methods. DNA was extracted from overnight cultures of yeast by following the procedure of Strathern and Higgins (19) . Presence or absence of the intron was assayed by PCR, with primers designed from an alignment of S. cerevisiae and Pichia canadensis mitochondrial LSU rRNA genes ( Fig. 1 A) (01: 5Ј-GATAACGAATAAAAGTTACGCTAGGG-3Ј, positions 2660-2685 in the S. cerevisiae gene, GenBank accession no. V00699; and 02: 5Ј-CTTCAGCAGATAGGAACCATACTG-3Ј, positions 3983-4006). Amplicons containing introns were sequenced directly with an ABI 373 automated sequencer. S. cerevisiae and K. thermotolerans sequences were taken from Jacquier and Dujon (11) . To reconstruct the host phylogeny, we amplified and sequenced the internal transcribed spacer region (ITS1-5.8S-ITS2) for all 20 yeast species, using primers ITS1 and ITS4 of White et al. (20) , and supplemented them with 18S rDNA sequences taken from GenBank (21) . To screen for elements elsewhere in the genome, total DNA from the 20 species was digested with HaeIII, electrophoresed, transferred to a nylon membrane, and probed with the intron sequences from S. paradoxus and K. lactis. The resulting autoradiograms were examined and compared with a positive control that had been probed with 200 bp of the 3Ј flanking mitochondrial LSU gene.
Analyses. DNA sequences were aligned by using CLUSTALW (22) . Initial alignments of complete intron sequences were poor, and so secondary structures were obtained by using those of Cech (23) as a guide and by analyzing the introns in sections with the m-fold (v2.3) server (http://www.ibc.wustl.edu/ϳzuker/rna). Folding temperatures were set to 25°C and all other parameters were kept as default. These secondary structures were used to define eight homologous regions (A-H in Fig. 1B) , each of which was aligned independently. These areas exclude unalignable loops and optional stem-loop regions. We also excluded one side of each base-paired region from the final data matrix, because changes on one side are unlikely to be independent of changes on the other.
For the ITS1-5.8S-ITS2 sequences, only the 5.8S rRNA gene and a small part of the ITS2 were alignable across all 20 species. Complete 18S rDNA sequences were available for all species except the unnamed ones from Brazil and Japan; in most cases (12͞18), the 18S data were from the same strain as that included in our study. Separate analysis of the 5.8S and 18S data showed no conflict between the two (i.e., no branch with a greater than 50% bootstrap score for one gene was contradicted by the other); thus, they were combined. This combined analysis left the closely related Saccharomyces sensu stricto group unresolved, because there were too few variable sites; therefore, we analyzed these species independently, using the whole of the ITS1-5.8S-ITS2 region. Finally, HEGs were aligned by using amino acid translations from the yeast mitochondrial genetic code, with start codons inferred from those of S. cerevisiae and K. thermotolerans (11) . All alignments are available on request from the authors. 
Results and Discussion
Of the 20 species surveyed, 14 had an intron; of these, only 5 had an HEG (Fig. 2) . Two of the HEGs had insertions disrupting the reading frame and are presumably nonfunctional, whereas the other 3 have no such obvious defect and are presumed to be functional. Thus, the most common state is a nonfunctional element [either nonfunctional HEG or no HEG (11 species)]; the next most common state is no element (6 species); and the least common is a putatively functional element (3 species). To test whether occurs in other genomic locations in these species, genomic DNA for the 20 species was probed with the intron sequences from S. paradoxus and K. lactis. All 14 species that were expected to show a strong hybridization signal did so; extra bands were not observed for any species except K. lactis and the closely related K. dobzhanskii, which presumably corresponds to the HEG Ϫ introns in their ATPase genes (see Introduction). Thus, usually exists at only one site in the genome, and transposition to a new location does not appear to be a common event.
When the different intron states are mapped onto the host phylogeny, they are found to be intermingled (Fig. 2) , which suggests a history of horizontal transmission. The alternative hypothesis is that a complete element was present in the common ancestor, and then lost many times. Once lost from a lineage, it would be absent from all descendent taxa; therefore, this hypothesis predicts that species without an HEG or without an intron would tend to be clumped on the host phylogeny. However, no evidence of that was found: the inferred minimum number of losses (at least nine losses of the HEG sequence (including losses of the whole intron) and four losses of the intron) is no less than that observed when HEG and intron status is randomized on the phylogeny (P ϭ 0.82 and P ϭ 0.19 respectively, n ϭ 100 randomizations).
A much more robust assay for horizontal transmission is to test whether has a different phylogenetic history than that of the host. An appropriate statistical test for differences in phylogenetic history is found in the partition homogeneity test (PHT; see Farris et al., ref. 27) , in which the sum of the lengths of the most parsimonious trees fitted to the two datasets independently is compared with the sum of the lengths of trees fitted to random partitions of the same data. First, we compared the two components of , the HEG and the intron. They do not appear to have different histories; the intron phylogeny is simply a less well resolved version of the HEG phylogeny (Fig. 3A) . Moreover, the HEG and intron datasets do not differ significantly by the PHT (P ϭ 0.38, Fig. 3A) . Both of them show substantial differences in topology from that of the host tree, however, and the datasets differ significantly by the PHT (P ϭ 0.004 and P Ͻ 0.001 respectively, Fig. 3 B and C) . Such phylogenetic incongruence is strong evidence for horizontal transmission.
Such analyses alone do not indicate the phylogenetic relationships of donor and recipient species; for example, it is not clear from these results whether the transfers have been among different members of the Saccharomycetaceae or whether the family has been repeatedly exchanging elements with more distantly related taxa. To address this issue, we searched GenBank with BLASTN (v. 2.0.8; ref. 28 ) and each of our five HEGs after they had been deposited (release 111.0). In each case we retrieved only our own sequences plus an HEG found at the homologous site of a more distantly related saccharomycete yeast, P. canadensis. All other HEGs [including many at other locations in our yeasts (6)], are too divergent at the nucleotide level to be recovered by BLASTN. That is, despite the horizontal transmissions, the saccharomycete LSU rDNA HEGs appear to be monophyletic with respect to elements in more distantly related species, suggesting that transfers of HEGs among the LSU rRNA genes of saccharomycete yeasts have been more common than transfers involving either more distantly related species or other genomic sites within these species. Even within the Saccharomycetaceae, there are suggestions that horizontal transmission is more likely between closely related species, as the P. canadensis HEG sequence retrieved from GenBank is the most divergent of all the saccharomycete sequences. Moreover, the deepest branch in our host tree (separating K. lactis and K. dobzhanskii from all others) is also present in the intron tree (Fig.  3C) , though without a root we cannot say whether it is also the deepest branch. Similar BLASTN searches with our 14 intron sequences recovered group I introns from a number of genes and taxa, but none scored higher than our saccharomycete LSU introns, with the occasional exception of the intron in the K. lactis ATPase gene. Interestingly, the insertion site for this latter element is quite different from the 18-bp recognition sequence used by in S. cerevisiae (29) . Perhaps the transposition event was associated with a change of HEG.
Having demonstrated that horizontal transmission has occurred among yeasts, we then wanted to estimate its frequency. One approach, calculating how many horizontal transmission events would be necessary to account for the difference between the host and intron phylogenies, is equivalent to asking how many branches of the host tree would have to be cut off and reconnected in a new position to turn the host tree into the intron tree (30) . Using the subtree-pruning-reconnection (SPR) routine of PAUP*, we generated all of the 462 one-step rearrangements of the 14-taxa host tree (Fig. 3C) and tested, by likelihood analysis, how well each one fit the intron data. (In general, for n taxa and a binary tree, PAUP* will generate 4n 2 Ϫ 26n ϩ 42 rearrangements, although these must be filtered by using information about the root to exclude impossible transfers between ancestor and descendent taxa.) The best tree and all other trees that were not significantly worse by the Kishino-Hasegawa (31) test at P ϭ 0.5 were then used as the starting trees for another round of rearrangement. This procedure was continued until one of the three most likely intron trees was recovered. Five rearrangements were necessary, although after three rearrangements we had arrived at a tree that was not significantly worse than the most likely trees (Table 1) . Thus, our best estimate from this analysis is five horizontal transfer events, with a lower bound of three. Berbee and Taylor (32) estimate, from 18S rDNA sequence divergence calibrated with the fossil record, that S. cerevisiae and K. lactis diverged approximately 70 million year ago. From this date and the maximum-parsimony host phylogeny with maximum-likelihood branch lengths, we estimate that the total amount of time in the host phylogeny is about 420 million years, giving a horizontal transmission rate of about 0.01 per million years.
This rate is likely to be an underestimate of the true value for two reasons. First, not all horizontal transmission events will be phylogenetically detectable (33) . For example, when the source and recipient species are closest relatives, the event will not change the topology (although in principle it might still be detectable by changes in branch length). Coalescent modeling suggests that for 14 taxa, we might miss 2͞3 of the horizontal transfers (calculated by using equation 17 of ref. 33 ), raising our best estimate to 15 transfers and a rate of about 0.04 per million years. This correction is likely to be conservative, because it presupposes that the probability of transfer is independent of phylogenetic distance; if, as seems likely, transfers are more common between closely related species (above), the proportion of transfers that are missed can be much greater. Second, our estimate is from the minimum number of rearrangements nec- essary to transform one phylogeny into another, and if there has been the equivalent of reversals or parallelisms, this minimum estimate will underestimate the true number (just as parsimony analysis is likely to underestimate the true number of characterstate changes in a phylogeny). Two rooted trees cannot differ by more than n Ϫ 2 rearrangements (n Ϫ 3 for unrooted trees), meaning that even if horizontal transmission events were infinitely frequent, we could not estimate more than 12 events by this method. Moreover, we have simulated an infinite frequency of horizontal transfers by randomizing the association between host and intron, and in four analyses, the values obtained were 7(3), 6(4), 6(5), and 7(4) events (lower bounds in parentheses). These results suggest that our observed value of 5(3) is indeed close to saturation. We also performed an alternative test for correlation of phylogenetic signal between host and intron datasets, which compares the length of the shortest tree fitted to the combined dataset to the length of trees fitted to combined datasets in which the host-intron association has been randomized (34) . This test showed a highly significant correlation between the two datasets (P Ͻ 0.001). Such correlations can arise either because horizontal transmission is not frequent enough to completely randomize the host-intron association, or because it tends to be local (i.e., more common among closely related hosts; see above).
An alternative approach to quantifying horizontal transmission rates is to combine our demonstration of horizontal transmission with the laboratory observations and population genetic reasoning outlined earlier into a cyclical evolutionary model. In this model there are three character states of interest (functional element, nonfunctional element, and no element), and only three of the six conceivable character transitions are evolutionarily possible: empty 3 functional (horizontal transmission); functional 3 nonfunctional (degeneration by mutation pressure and͞or costs of enzyme production); and nonfunctional 3 empty. This last step requires a precise excision of the element to reconstitute the recognition sequence; such mutations have been observed for some mitochondrial HEGs and introns and are thought to arise by reverse transcription of spliced RNAs (10) . Armed with this model, we can estimate the maximum likelihood transition rates among the three states by following Pagel (35) , using the observed character states and the host tree for all 20 species with branch lengths estimated by maximum likelihood (Fig. 4 ; MATHEMATICA file available on request). The fit of this three-parameter model is much better than a twoparameter model with no horizontal transmission (⌬ln lik ϭ 13.2; ⌬df ϭ 1), again supporting our conclusion that horizontal transmission does indeed occur. Moreover, the fit of the threeparameter model is no better than that of a one-parameter model in which the three transition rates are set equal to one another (⌬ln lik ϭ 2.0; ⌬df ϭ 2), indicating no significant differences among the three rates. Under this latter model, the maximum likelihood estimate for any one of the transition rates is 0.53 per million years, with two-unit support limits of 0.07 and infinity (assuming the host tree is correct). That is, a complete circuit around the cycle is expected to take 5.7 million years, with a lower bound of 0 and an upper bound of 42 million years.
Conclusions
Our survey and phylogenetic analyses indicate that the evolutionary biology of is highly dynamic. Within any particular host lineage, there appears to be a perpetual cycle of invasion by horizontal transmission, degeneration, and eventual loss, followed by reinvasion. This picture matches expectations from population genetic reasoning, as selection for HEG function will be minimal or nonexistent once it has gone to fixation (assuming there is no benefit to the host). This pattern of rapid spread through a population followed by slow degeneration may be a common property of selfish genetic elements, and in such cases, horizontal transmission may be necessary for their long-term persistence (36, 37) . Indeed, we speculate that a requirement for a minimum frequency of horizontal transmission may be a critical factor determining the distribution and abundance of HEGs, perhaps explaining why, among eukaryotes, they are mostly found in fungi and protists. We suggest they are largely absent from animals because access to the germ line is too limited, at least for chromosomally integrated DNA. Results of an algorithm to find the minimum number of rearrangements necessary to change the host phylogeny (Fig. 3C) into one of the three most likely intron phylogenies. The latter are given by the three possible resolutions of the following consensus tree: ((( (((((S. paradoxus, Brazil) , Japan), ((S. cerevisiae, T. delbrueckii), T. globosa)), K. thermotolerans, (S. exiguus, S. castellii)), T. pretoriensis), Z. bisporus), Z. rouxii), (K. dobzhanskii, K. lactis)). Likelihoods were calculated by using the HKY model with the transition-totransversion ratio and proportion of invariant sites estimated from the data. *Ln likelihood of the most likely tree. † By the Kishino-Hasegawa test (see ref. 30 ). ‡ Including most likely tree and all others not significantly worse (at P ϭ 0.5); used as starting trees in the next iteration. NA, not applicable.
